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1. Introduction

Gold nanoclusters (AuNCSs) have attracted a great deal of attention because of their
unique photophysical and physiochemical properties.™ Ranging in size from fewer
than 10 to several hundred atoms (2 nm or less), AUNCs possess discrete energy
levels and exhibit size-tunable fluorescence emissions. In addition, fluorescent
AUNCs exhibit a high degree of biocompatibility and do not disturb biological
functions or labeled bioentities.>2 These properties make AuNCs highly attractive
for biolabeling and bioimaging applications.'+*®

Among the several synthetic methods developed recently for preparing AuNCs in
solutions, protein-directed synthesis has gained attention due to its
biocompatibility, environmental friendliness, and mild reaction conditions.!®-2
Xie et al. first demonstrated the synthesis of red-fluorescent AUNCs using bovine
serum albumin (BSA), the most abundant plasma protein in cows and which is
widely used in biosensing and boimaging to sequester and reduce Au precursors
in situ.?’ Since then, several other proteins including pepsin,® lysozyme,?® insulin,?®
human transferrin,'® horseradish peroxidase (HRP),%® and Deoxyribonuclease |
(DNAsel)®! have been used as templates to synthesize AuNCs. Interestingly, some
proteins (HRP and DNAsel) have been shown to retain their native functions while
bioconjugated to the AuNCs, thus offering a multifunctional bio-nano hybrid
system capable of simultaneous detection and quantification of targeted biological
DFOCGSSGS.10'25'31_35

Although a variety of biostabilized AUNC conjugates have been synthesized, the
formation and stabilization mechanisms of AuUNCs in protein conjugates remain a
topic of investigation. Numerous reports have suggested that the diversity in amino
acid (aa) content in protein templates and the size (kiloDaltons [kDa]) of the protein
influence AUNC formation and properties.>*>-! Studies have shown that the charge
transfer ability of the surface ligands to the Au core play a major role in
fluorescence: electron-rich atoms (such as oxygen [O] and nitrogen [N2]) or
functional groups in the protein molecules surrounding the Au core can effectively
enhance fluorescence via surface interactions.®® Additionally, the balance of amine-
containing amino acids, which are responsible for Au ion uptake, and the ratio of
tyrosine to tryptophan aa residues [responsible for the reduction of Au(l11) to Au(l)]
within a protein are critical for NC formation.®®>*% Furthermore, the number of
cysteine (cys) residues has been linked to AUNC formation because of the stability
provided by the strong interaction between Au and thiol groups.®>3¢® However,
AuNCs have been biosynthesized using myoglobin, an iron- and oxygen-binding
protein found in muscle cells, which contains no cys residues. The
myoglobin-stabilized AuNCs exhibited a blue shift in fluorescence emission,
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suggesting that the number of cys residues may play a role in the emission
wavelength of fluorescent AuNCs.384?

To date, reports on the photostability and thermal stability of these P-AuNCs have
been limited. These are important properties to understand and develop for the use
of P-AuNCs in bioimaging, disease diagnosis, and, as some P-AuNCs retain their
biological role, as potential targeted drug-delivery systems. Herein we report the
resistance of red-emitting BSA-, green-emitting pepsin-, and blue-emitting pepsin-
P-AuNCs to photobleaching as a function of continuous UV irradiation. In addition,
we report the thermal stability of the three P-AuNCs as measured by monitoring
fluorescence intensity after incubation at high temperatures. All three P-AuNCs
exhibited intense fluorescence emission, resistance to photobleaching, high thermal
stability, and long-term stability in solution and in dried form.

2. Materials and Methods

BSA and pepsin proteins were purchased as lyophilized powders from Sigma
Aldrich and used directly without further purification. Au(lll) chloride trihydrate
powder was purchased from Sigma Aldrich. Conductive silicon (Si) and
nonconductive Si/silicon dioxide (SiO2) wafers were purchased from Nova
Electronic Materials and cleaned prior to use as follows: 20-min sonication in
acetone to remove any debris from the wafer surface, followed by an ethanol rinse
and a Milli-Q water rinse, and finally dried with N2 gas. Transmission electron
microscopy (TEM) grids (ultrathin carbon film on holey carbon support film, 300
mesh) were purchased from Ted Pella, Inc. Quartz glass cuvettes (700 uL) for
fluorescence measurements were purchased from Thorlabs. All solutions were
prepared fresh to working concentrations in ultrapure Milli-Q water; P-AuNC
solutions were prepared in triplicate, and fluorescence measurements were recorded
in triplicate and averaged.

2.1 BSA-AuNC Synthesis

BSA-stabilized AuNCs were prepared according to Xie et al.?’ Briefly, aqueous
HAuUCI4 solution (5 mL, 10 mM) was added to BSA solution (5 mL, 50 mg/mL)
under vigorous stirring at 37 °C. The control solution contained Milli-Q water
(5 mL) and BSA solution (5 mL, 50 mg/mL). After 2 min, sodium hydroxide
(NaOH) solution (0.5 mL, 1 M) was added to raise the pH to approximately 12 to
activate the reduction ability of BSA [adjusting the reaction pH above the acid
strength (pKa) of tyrosine (~10) enables the hydroxyl groups of the phenol ring to
reduce Au(lll) ions]. The mixture was then incubated under vigorous stirring at
37 °C for 12 h.
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2.2 Green-Emitting Pepsin-AuNC and Blue-Emitting Pepsin-
Aus/sNC Synthesis

Green-emitting pepsin-stabilized AuNCs (green pepsin-AuNCs) were prepared
according to Kawasaki et al.? Briefly, aqueous HAUCI, solution (0.5 mL, 5 mM)
was added to pepsin solution (5 mL, 40 mg/mL) under vigorous stirring at 37 °C.
The control solution contained Milli-Q water (5 mL) and pepsin solution (5 mL,
40 mg/mL). After 5 min, hydrochloric acid solution (0.3 mL, 1 M) was added to
lower the pH to approximately 1. The mixture was then incubated under vigorous
stirring at 37 °C for 100 h, followed by centrifugation at 4,000 rpm for 20 min to
remove any aggregated pepsin-Au structures from the bioconjugate solution.*® The
green pepsin-AuNC—containing supernatant was stored at 4 °C until use.

To prepare the blue-emitting pepsin-stabilized AuNCs (blue pepsin-AuNCs),
NaOH solution (1.0 mL, 1 M) was added to an aliquot of the green pepsin-AuNC
supernatant solution to adjust the pH to approximately 9. The pH of the green
pepsin-AuNC control solution was similarly adjusted to a pH of approximately 9
and used as the blue pepsin-AuNC control. The mixture was incubated at 37 °C for
1 day, followed by centrifugation at 4,000 rpm for 20 min. The blue pepsin-AuNC-
containing supernatant was stored at 4 °C until use.

2.3 Fluorescence of BSA-AuNC, Green Pepsin-AuNCs, and Blue
Pepsin-AuNCs in Aqueous Solution and in Dried Form

The fluorescence emission spectra of the aqueous P-AuNC solutions were collected
using a Horiba Jobin Yvon FluoroLog-3 spectrofluorometer with maximum
excitation wavelengths of 330 and 480 nm. The emission spectra was measured
from 360 to 800 nm.

To observe fluorescence of the P-AuNCs in the dried form, aliquots (25 pL) of
P-AuNCs in solution were drop-cast onto cleaned Si and Si/SiO, wafers
(1.0cm x 1.0 cm), and dried at 37 °C for 2 h. The fluorescence of the dried samples
was verified under UV lamp (A = 365 nm).

2.4 Transmission Electron Microscopy

TEM micrographs of protein-NC conjugates were collected using a JEOL
JEM-2100F TEM/scanning TEM instrument, operated at 200 kV. Aliquots (10 pL)
of P-AuNCs were drop-cast onto TEM grids, and excess solution drawn out using
filter paper. The grids were allowed to dry at room temperature (RT) for 1 h.

2.5 X-Ray Photoelectron Spectroscopy (XPS) Analysis
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XPS analysis was performed using PHI 5000 VersaProbe Il with a 100-W
monochromatic aluminum Ka (1,486.7 eV) X-ray source, which irradiated a
200- x 200-um sampling area with a takeoff angle of 45°. The XPS chamber base
pressure was 7.2 x 108 Pa; elemental high-resolution scans for Auas core level were
taken with 23.5-eV pass energy. The sp® Cis peak at 285 eV was used as reference
for binding energy calibration. Aliquots (25 pL) of P-AuNC were drop-cast onto Si
wafers (0.5 x 0.5 cm) and allowed to dry at 37 °C for 2 h.

2.6 BSA-AuUNC, Green Pepsin-AuNCs, and Blue Pepsin-AuNCs
Resistance to Photobleaching

The photostability of the P-AuNCs was examined as a function of constant UV
irradiation (A = 365 nm) using a Blak-Ray B-100A High Intensity UV Lamp (UVP
ChemStudio, Upland, CA). Samples were prepared as previously described, and
fluorescence measurements were taken at timed intervals for up to 24 h.

2.7 Thermal Stability

Aliquots (0.8 mL) of the P-AuNCs in solution were added to 1.5-mL
microcentrifuge tubes and incubated for 30 min in an Eppendorf Thermomixer C
at 10 °C intervals from 40 to 100 °C. Control samples were incubated at RT (25 °C)
for 30 min. Fluorescence was measured immediately following incubation. To
investigate the ability of the P-AuNCs to renature after thermal denaturation,
samples were allowed to recover at RT for 2 h and fluorescence measured.

3. Results and Discussion

3.1 Fluorescence of Aqueous BSA-AuNC, Green Pepsin-AuNC,
and Blue Pepsin-AuNC Solutions

The color of the BSA-AUNC solution changed from a light golden yellow at the
start of the reaction to a deep reddish gold upon completion (Fig. 1A, top). The
BSA-AUNC solution emitted an intense red fluorescence (Fig. 1A, bottom) under
UV light (A = 365 nm). In contrast, the control solution was pale yellow under
visible light (Fig. 1A, top) and emitted a weak blue fluorescence under UV light
(Fig. 1A, bottom). This weak blue emission is due to the aromatic aa residues
(major contribution from tryptophan) in the protein. The BSA-AuNCs showed
excitation and emission peaks at 480 and 640 nm (Fig. 1B), respectively. The
intense red fluorescence of the BSA-AUNCs was retained with minimal loss (less
than 10% of initial fluorescence intensity) throughout the 6 months measured when
stored at 4 °C (data not shown).
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The green pepsin-AuNCs emitted an intense green fluorescence (Fig. 1A, bottom)
under UV light (A = 365 nm) and showed excitation and emission peaks at 330 and
510 nm (Fig. 1B), respectively. In contrast, the control solution was pale yellow
under visible light and emitted a weak blue fluorescence under UV light (data not
shown). The blue pepsin-AuNCs emitted an intense blue fluorescence (Fig. 1A,
bottom) under UV light, and showed excitation and emission peaks at 330 and
402 nm (Fig. 1B), respectively. In contrast, the control solution was pale yellow
under visible light and emitted a weak blue fluorescence under UV light (data not
shown). The intense green and blue fluorescence of the pepsin-AuNCs was retained
with minimal loss (less than 10% of initial fluorescence intensity) throughout the
6 months measured when stored in solution at 4 °C (data not shown). The size range
for the overall protein-AuNCs and the cluster alone are expected to be 4-6 nm and
1-2 nm, respectively, however this was not a focus of the current study.

A

1.000

Normalized Fluorescence Intensity

300 350 400 430 00 550 600 630 700 130 800
Wavelength (nm)
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Fig.1  A) Photographs of size-tunable fluorescence of BSA- and pepsin-AuNCs under
visible (top) and UV (bottom) light: 1) BSA control solution; 2) BSA-AuNCs; 3) green-emitting
pepsin-AuNCs; and 4) blue-emitting pepsin-AuNCs. B) Fluorescence emissions spectra of
aqueous solutions of red BSA-AuUNC:s (solid red), green pepsin-AuNCs (solid green), and blue
pepsin-AuNCs (solid blue). Fluorescence emissions of BSA control solution (dashed red) and
pepsin control solution (dashed gray) are also shown.

Whereas the fluorescence intensity of the synthesized P-AuNCs in solution is
important for design of biological sensors and in bioimaging, the fluorescence
intensity in the dried form is important for optoelectronic applications. Therefore,
fluorescence emissions of the BSA- and pepsin-AuNCs were examined under
visible (Fig. 2, top) and UV (Fig. 2, bottom) light. The data show each protein
cluster retains intense fluorescence in the dried form (Fig. 2), indicating the stability
of the P-AuNCs. Fluorescence was retained throughout the 6 months measured
(data not shown).

Si

Si/SiO,

Fig.2  (top) Fluorescence emission from red BSA-AuUNC (red), green pepsin-AuNC (green),
and blue pepsin-AuNC (blue) on Si and Si/SiO2 substrates. Aliquots (25 pL) of P-AuNCs were
drop-cast onto cleaned wafers and allowed to dry at 37 °C for 2 h. (bottom) Fluorescence was
verified under UV lamp (A = 365 nm).
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3.2 Physical Properties of BSA-AuNC, Green Pepsin-AuNCs, and
Blue Pepsin-AuNCs

The size and oxidation states of the BSA- and pepsin-NCs were characterized using
high-resolution (HR) TEM and XPS. The HR-TEM micrographs of BSA-AuNC
show agglomeration of the protein-NCs, ranging from 1 to 3 nm in size (Fig. 3A).
No clear image of the pepsin-AuNCs were obtained possibly due to 1) degradation
of the sample under the electron beam; the beam may have condensed on the
specimen, causing it to “burn” (data not shown),** or 2) the bioconjugated clusters
being too small to be visible under TEM observation.

The Ausre XPS peak for each P-AuNC was examined to determine cluster size.
The Au(0) peak, corresponding to bulk Au, is centered at approximately 84 eV; the
Au(l) peak, corresponding to surface Au, is centered at approximately 86 eV. Both
peaks contribute to the overall Ausmz peak shape. The XPS spectra for
BSA-AUNCs shows the Au(0)4f 72 peak is centered mainly at approximately 84 eV,
with some asymmetry due to minor Au(l) contribution (Fig. 3B). The XPS spectra
for green pepsin-AuNC reveals a peak shift to higher energies (approximately
85 eV) because the Au(l) contribution is greater, a result of higher levels of surface
Au in smaller clusters (Fig. 3B). The signal for the blue pepsin-AuNCs is weak,
possibly due to the very small cluster size. Zooming in on the blue pepsin-AuNC
spectra reveals that the Au(l) contribution is large (a result of the very small cluster
size); therefore, separate peaks for Au(l) and Au(0) are resolved (Fig. 3B). Thus,
the XPS data suggest the following order, from largest to smallest, for P-AuNC
size: BSA-AUNC > green pepsin-AuNCs > blue pepsin-AuNCs. This order is
confirmed by the measured fluorescence emission wavelengths (Fig. 1).
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Fig.3 A) High-resolution TEM image of BSA-AuUNC, revealing the presence of NCs
1-3 nm in size. Aliquots (10 pL) of P-AuNCs were drop-cast onto TEM grids and excess
solution drawn out with filter paper. The grids were allowed to dry at RT for 1 h. B) XPS
spectra of red BSA-AUNC (top spectrum), green pepsin-AuNC (middle spectrum), and blue
pepsin-AuNC (bottom spectrum) on Si wafers. Aliquots (25 pL) of P-AUNCs were drop-cast
onto cleaned Si wafers and allowed to dry at 37 °C for 2 h.

3.3 Photostability of BSA-AuNC, Green Pepsin-AuNCs, and Blue
Pepsin-AuNCs

The photostability of the BSA- and pepsin-AuNCs were examined as a function of
constant UV irradiation (A = 365 nm) for up to 24 h. The data reveal that the
red-fluorescent BSA-AUNCs and green pepsin-AuNCs exhibit a more gradual rate
of photobleaching than the blue pepsin-AuNCs (Fig. 4). After 24 h of constant UV
exposure, the BSA-AUNCs and green pepsin-AuNCs retained approximately 60%
and approximately 50% of their initial fluorescence intensity, respectively, whereas
the blue pepsin-AuNCs retained approximately 10% of their initial fluorescence
intensity. These data indicate the greater photostability of the BSA-AuNCs, which
may originate from more-complete coverage of the surface Au atoms by the large
size of the protein template (636 aa compared with 327 aa in pepsin) and potential
formation of six Au-thiol surface motifs originating from the 18 thiol groups of
BSA.38

Normalized Fluorescence Intensity

[tme (h)

Fig.4  Normalized fluorescence intensity of red BSA-AuUNC (red), green pepsin-AuNC
(green), and blue pepsin-AuNC (blue) as a function of constant UV irradiation (A = 365 nm)
forup to 24 h
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3.4 Thermal Stability of Red BSA-AuNCs, Green Pepsin-AuNCs,
and Blue Pepsin-AuNCs in Solution

The thermal stability of the BSA- and pepsin-AuNCs in solution was examined by
monitoring the fluorescence intensity after a 30-min incubation at temperatures
ranging from 40 to 100 °C and by comparing the intensities with that of the control
P-AuNCs, which were incubated for 30 min at RT (25 °C). Figure 5 shows the
normalized fluorescence intensity of each P-AuNC solution at the selected
representative temperatures across the assayed range: 25, 60, 80, and 100 °C. For
comparison, native BSA and pepsin begin to denature (unfold and aggregate) at 65
and 55 °C, respectively.

60°C
25°C 25°C
Lt 60°C i
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= ]
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BSA-AuNC G Pepsin-AuNC B Pepsin-AuNC

Fig.5  Thermal stability of BSA- and pepsin-AuNCs in solution. Aliquots (800 pL) of
P-AuNCs were incubated for 30 min from 40 to 100 °C at 10 °C intervals. Control P-AuNC
solutions were incubated for 30 min at 25 °C. Fluorescence measurements were taken
immediately after incubation.

Overall, the fluorescence intensities of all three P-AuNCs decreased as the
temperature increased. At 60 °C incubation, all three P-AuUNC samples retained
fluorescence levels similar to that of the corresponding control sample. At 80 °C,
BSA-AUNCs and blue pepsin-AuNCs retained approximately 30% and
approximately 90%, respectively, of the fluorescence intensity of the controls
(see Fig. 5). In contrast, the protein of the green pepsin-AuNCs precipitated out of
the solution at 80 °C and fluorescence was lost. At 100 °C, the BSA-AuUNCs
retained approximately 5% of the fluorescence intensity of the control, whereas the
blue pepsin-AuNCs retained approximately 80% fluorescence intensity of the
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control (see Fig. 5). These data indicate the greater thermal stability of the blue
pepsin-AuNCs when exposed to higher temperatures for 30 min, suggesting that a
larger size (greater number of aa) protein template and an increased number of
protein molecules required to cover the surface of the cluster (larger cluster) may
be a source of thermal instability for the protein-AuNCs conjugates.

To investigate if any fluorescence intensity lost after thermal denaturation could be
regained by refolding, the P-AuNCs were allowed to recover at RT for 2 h.
Fluorescence measurements of the recovered samples revealed that fluorescence
lost due to thermal denaturation could not be regained (data not shown).

4. Conclusion

The photophysical and physiochemical properties of P-AuNCs in solution and in
dried form are important for their use in a variety of sensing, imaging, and
electronic applications. The data presented here show the BSA-AuNCs and green
pepsin-AuNCs exhibited resistance to photobleaching under constant UV
irradiation, and retained approximately 60% and approximately 50% of initial
fluorescence intensity, respectively, after 24-h exposure. The blue pepsin-AuNCs
were not as photostable and retained only approximately 10% of initial fluorescence
intensity after 24-h UV exposure, possibly due to incomplete coverage of the Au
atoms on the surface by the protein molecules. Interestingly, the blue
pepsin-AuNCs exhibited the greatest thermal stability, retaining approximately
80% of the control fluorescence intensity after 30-min incubation at 100 °C. In
comparison, the BSA-AuUNC:s retained approximately 5% of the control fluorescent
intensity, and the pepsin-Au13sNCs lost all fluorescence after 30-min incubation at
80 °C. The high thermal stability of the blue pepsin-AuNCs suggests that a larger
protein template and a greater number of protein molecules required to cover the
surface of the cluster might be a source of instability for the P-AuNCs. All three
synthesized P-AuNCs retained fluorescence in the dried form and exhibited
minimal loss (less than 10%) in intensity for a period of up to 6 months when stored
at 4 °C. Overall, these results highlight the robustness and long-term stability of the
BSA-AUNCs, green pepsin-AuNCs, and blue pepsin-AuNCs, and suggest their
potential as attractive materials for an array of bioimaging, sensing, and electronic
applications.
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